Phosphorus-carbon bond formation from discrete transition metal complexes have been investigated through a combination of synthetic, spectroscopic, crystallographic, and computational methods. Reactive intermediates of the type (diphosphine)Pd(aryl)(P(O)(OEt) 2 ) have been prepared, characterized, and studied as possible intermediates in metal-mediated coupling reactions. Several of the reactive intermediates were characterized crystallographically, and a discussion of the solid state structures is presented. In contrast to other carbon-heteroelement bond forming reactions, palladium complexes containing electrondonating substituents on the aromatic fragment exhibited faster rates of reductive elimination. Large bite angle diphosphine ligands induced rapid rates of elimination, while bipyridine and small bite angle diphosphine ligands resulted in much slower rates of elimination. An investigation of the effect of typical impurities on the elimination reaction was carried out. While excess diphosphine, pyridine, and acetonitrile had little effect on the observed rate, the addition of water slowed the phosphorus-carbon bond forming reaction. Coordination of water to the complex was observed spectroscopically and crystallographically. Computational studies were utilized to probe the reaction pathways for P-C bond formation via Pd catalysis.
Introduction
Carbon-heteroelement bond forming reactions are critical transformations used to construct a range of organic architectures. For the formation of phosphorus-carbon bonds, Arbuzov and related reactions are some of the most popular approaches and are used to generate alkylphosphonates in high yields. 1 However, aryl halides are typically unreactive under Arbuzov conditions. To resolve this issue, nickel-, 2 copper-, 3, 4 and palladium-catalyzed [5] [6] [7] [8] [9] coupling reactions of hydrogen phosphonates and other R 2 P(O)H substrates with aryl halides have been developed. 10 Despite the harsh conditions of these reactions, the transformations have become powerful assets to the synthetic chemist due to high conversions and minimization of unwanted secondary processes. To develop highly active catalysts for this reaction, an understanding of the electronic and steric effects of the organic fragments on the individual steps of the transformation is needed.
We and others have been interested in elucidating the key mechanistic steps in palladium-catalyzed P-C bond forming reactions. To this end, we recently studied arylphosphonate formation from discrete reaction intermediates of the type bu 2 bipyPd(Ar)(P(O)(OR) 2 ) (eq 1). 11 These complexes represented the first examples of isolated four-coordinate arylpalladium complexes containing a phosphonate fragment and were quite resistant to reductive elimination at 25°C. An investigation of the conditions necessary to induce reductive elimination from these intermediates would provide insight into the key phosphorus-carbon bond forming step in palladium-catalyzed arylphosphonate synthesis. Furthermore, the chelating ligand forced the aryl and phosphonate fragments to be bound to the metal center in a cis fashion; thus, isomerization was not a prerequisite for reductive elimination from these compounds. The arylpalladium phosphonate compounds were quite stable at 25°C in the solid state and in solution. However, all examples underwent clean reductive elimination in C 6 D 6 solutions at elevated temperatures in sealed tubes (90-120°C). In contrast with other carbon-heteroelement bond forming reactions from Pd(II), 40 metal-bound aryl fragments bearing electron-donating groups accelerated the elimination process, while -NO 2 , -Cl, or -CN groups resulted in sluggish phosphorus-carbon bond formation. Although the use of bipyridine-based ligands facilitated the isolation and characterization of these potential intermediates, most palladium-catalyzed coupling reactions involve monodentate or bidentate phosphine donors. The efficacy of diphosphine ligands for promoting the formation of phosphorus-carbon bonds by reductive elimination from discrete reaction intermediates of the type (diphosphine)Pd(Ar)-(P(O)(OR) 2 ) would be of interest for the design and development of more efficient catalysts.
Results and Discussion
Synthesis of Organopalladium Precursors. We have recently reported that silver phosphonates are convenient precur-sors to palladium and gold phosphonate species. 11,12a,13 For example, treatment of (bu 2 bipy)Pd(R)Cl with 1.0 equiv of Ag[P(O)(OR) 2 ] generated (bu 2 bipy)Pd(R)(P(O)(OR) 2 ) compounds in high yields. Simple filtration and removal of the volatiles typically afforded high yields of the desired complexes. For this work, diphosphine-ligated compounds were the synthetic targets, and it seemed appropriate that treatment of (diphosphine)Pd(R)Cl species with the silver phosphonate salts should result in the formation of the desired compounds. However, extensive experimentation yielded only decomposition and the formation of palladium mirrors. Thus an alternate method for the generation of the diphosphinePd(R)(P(O)(OR) 2 ) species was needed. Since diphosphines are typically stronger donors for palladium than bipyridines, addition of diphosphine to a solution of the bu 2 bipyPd(Ar)(P(O)(OR) 2 ) species could result in displacement of the bipyridine ligand and result in the formation of the desired complexes. Using bu 2 bipyPd(Ph)-(P(O)(OEt) 2 ) as a model system, addition of 1.0 equiv of dppe (in C 6 D 6 solution) resulted in immediate and quantitative elimination of the bipyridine and generation of dppePd(Ph)-(P(O)(OEt) 2 ). Additionally, analysis of the 1 H NMR spectrum of this reaction mixture within a few minutes of diphosphine addition revealed the presence of PhP(O)(OEt) 2 . This suggested that elimination from the diphosphine-ligated compounds will occur at significantly reduced temperatures as compared to the bipyridine species.
With the development of a successful system for the preparation of the desired intermediates, a series of compounds were prepared using a range of arylpalladium precursors (Table  1) to provide a comparison of the electronic and steric effects of the metal-bound aryl fragment. The diphosphines, dppe, dppp, and dpephos, were selected and -P(O)(OEt) 2 was chosen as the prototypical phosphonate fragment due to its rich history in the synthesis of organic compounds. 41 Using dppe as the diphosphine, treatment of C 6 D 6 solutions of 1-7 with dppe generated the arylpalladium phosphonate species by displacement of the bu 2 bipy ligand. For 1-5, the displacement reaction was complete within a few minutes at 25°C. For 6 and 7, the displacement reaction was slower, with the latter taking several hours to reach completion. Sharp resonances were observed for the free bu 2 bipy ligand and bound diphosphine, suggesting that bu 2 bipy does not compete with the diphosphine for the metal center. For 1-3, 6, and 7, the sluggish rate of reductive elimination from the diphosphine-ligated species facilitated isolation of these compounds. Monitoring the displacement reaction by NMR spectroscopy in tol-d 8 revealed that the (41) dppe ) bis(diphenylphosphino)ethane, dppp ) bis(diphenylphosphino)propane, dpephos ) (oxydi-2,1-phenylene)bis(diphenylphosphine). displacement of bu 2 bipy by dppe was quite rapid at 25°C, but it was very slow at temperatures below 10°C and essentially nonexistent below -10°C.
Changing the diphosphine to dppp resulted in similar results for most of the displacement reactions; however, elimination often occurred rapidly from the generated dpppPd(Ar)(P(O)(O-Et) 2 ) compounds. This required the dppp ligated compounds to be generated and monitored in situ. For the precursors containing metal-bound aryl rings with electron-donating substituents, the rate of displacement was on the order of the reductive elimination, and the reactive intermediates were observed only at low temperature. For example, injecting C 6 D 6 to the mixture of bu 2 bipyPd(4-C 6 H 4 OMe)(P(O)(OEt) 2 )/dppp followed by shaking for 5 s and flash freezing resulted in a mixture of unreacted starting materials (40%), reactive intermediate (5%), and products ((4-C 6 H 4 OMe)P(O)(OEt) 2 /dppp 2 Pd(0), 55%). Similar to the reactions involving dppe, careful monitoring of this reaction by 1 H and 31 P{ 1 H} NMR spectroscopy using tol-d 8 as the solvent revealed that the effective temperature range for the displacement reaction was 15-25°C. Only a trace amount of displacement/elimination was observed below -10°C.
The final diphosphine studied in this investigation was dpephos. This diphosphine exhibits a large bite angle (105°) and has been used in a number of palladium-catalyzed reactions. 42-45 Treatment of C 6 D 6 solutions of 1-7 with this ligand resulted in immediate generation of the arylphosphonate (>97% by NMR). No intermediates were observed in the 1 H or 31 P{ 1 H} NMR spectrum of these reactions. To investigate this further, the displacement/elimination reaction was monitored by NMR spectroscopy at low temperatures using the model system of bu 2 bipyPd(4-C 6 H 4 CN)(P(O)(OEt) 2 )/dpephos. This precursor was selected since the complexes incorporating electron-withdrawing groups on the metal-bound aryl exhibit the slowest rates of reductive elimination and would provide the best opportunity to observe the intermediate. At temperatures below -20°C (tol-d 8 ), sharp resonances for bu 2 bipyPd(4-C 6 H 4 CN)(P(O)(OEt) 2 ) and dpephos were observed in the 31 P{ 1 H} NMR spectrum. Warming this solution to 0°C resulted in broadening of the signal for bu 2 bipyPd(4-C 6 H 4 CN)-(P(O)(OEt) 2 ) and the dpephos. Lowering the temperature to -50°C resulted in regeneration of sharp signals for the arylpalladium complex and free dpephos. Warming this solution to a higher temperature (10°C) resulted in broadening of the signals for both bu 2 bipyPd(4-C 6 H 4 CN)(P(O)(OEt) 2 ) and dpephos along with generation of the arylphosphonate. No assignable signals for an intermediate of the type (dpephos)Pd(4-C 6 H 4 CN)(P(O)(OEt) 2 ) were observed. Allowing this solution to stand for a few seconds at 25°C and flash freezing in liquid nitrogen followed by observation at -50°C also did not reveal an intermediate. In contrast to all of the reactions involving dppe, where displacement of the bipyridine ligand was relatively rapid compared to elimination, the rate of elimination is faster than the displacement reaction and no intermediates were observed. This could be due to complete displacement of the bu 2 bipy ligand and formation of a four-coordinate dpephosPd(4-C 6 H 4 CN)-(P(O)(OEt) 2 ) that simply has a very fast rate of reductive elimination due to the large bite angle or rapid dissociation of one end of the dpephos to generate a three-coordinate palladium complex. Alternatively, the elimination could be occurring from a mixed system where one end of the dpephos is attached to the palladium along with one end of the bipyridine ligand. The broadened signals in the 31 P{ 1 H} NMR spectrum for the free ligand and bu 2 bipyPd(4-C 6 H 4 CN)(P(O)(OEt) 2 ) at low temperatures suggested a dynamic process; however, the rapid arylphosphonate formation from the mixture precluded further investigation of the process.
For comparison studies, methylpalladium phosphonate complexes were prepared using similar procedures. Treatment of bu 2 bipyPdMeCl with 1 equiv of Ag[P(O)(OEt) 2 ] in CH 2 Cl 2 generated bu 2 bipyPdMe(P(O)(OEt) 2 ) in high yield after filtration and removal of the volatiles. Treatment of this precursor with dppe and dppp rapidly generated the diphosphinePdMe(P(O)(O-Et) 2 ) species. In contrast to the arylpalladium phosphonate species, these alkyl analogues were quite stable, and no elimination was observed from the dppe analogue after standing at 22°C for several months.
All of the observable intermediates exhibited static structures in solution with three resonances in the 31 P{ 1 H} NMR spectrum. The phosphonate group gave rise to a signal between 70.8 and 78.8 ppm, with the species containing the more electronreleasing metal-bound aryl groups giving rise to higher frequency chemical shifts. The trans 2 J PP between the phosphonate and the phosphorus atom is significantly larger than the cis couplings and ranges between 551.4 and 589.9 Hz. The two cis couplings ranged between 16.7 and 46.2 Hz.
The solid state structures of several precursors and aryl palladium phosphonate species were studied by single-crystal X-ray diffraction. The molecular structures are presented in Figure 1 , and structural data are summarized in Table 3 . Selected bond distances and angles are presented in Tables 4 and 5 . Single crystals of bu 2 bipyPd(Ph)(P(O)(OEt) 2 ) and bu 2 bipyPd(4-C 6 H 4 NO 2 )(P(O)(OEt) 2 ) were grown by slow diffusion of pentane into CDCl 3 solutions of the complexes at 0°C. These compounds crystallize in the triclinic space group P1 j with two molecules per unit cell. The metal-carbon bond lengths of the two compounds are similar, and the palladium-nitrogen bonds are also similar despite being trans to different groups. Although many aspects of the structures are similar, the P-Pd-C and P-Pd-N (cis) angles differ by nearly 9°. Additionally, the Pd-C ipso -C para angle deviates significantly from linearity in bu 2 bipy-Pd(Ph)(P(O)(OEt) 2 ) (168.0°) and bu 2 bipyPd(4-C 6 H 4 NO 2 )-(P(O)(OEt) 2 ) (172.5°). In fact, analyzing the arylpalladium complexes in the Cambridge Structural Database ligated by dipyridyl-or ethylene-bridged diphospine ligands revealed that bu 2 bipyPd(Ph)(P(O)(OEt) 2 ) has the largest deviation from linearity of any reported compound. Compounds dppePd(4-C 6 H 4 CN)(P(O)(OEt) 2 ) and dppePdMe(P(O)(OEt) 2 ) crystallized in the orthorhombic and monoclinic space groups P2 1 2 1 2 1 and P2 1 /c, respectively. The palladium-carbon and palladiumphosphonate bonds are elongated in these complexes relative to the bu 2 bipy-ligated compounds due to the greater trans influence of the phosphine donors, and the palladium-alkyl bond is slightly longer than the palladium-aryl bond. The Pd-C ipso -C para angle in the arylpalladium complex is closer to linearity (176.0°) than in the related bipyridine palladium complexes. All of the crystals grown in this investigation contain a water molecule as a solvent of crystallization. In all structures the water is hydrogen bonded to the phosphoryl oxygen with oxygen-oxygen distances between 2.710 (3) elimination from these compounds, the phosphorus-carbon bond forming reaction was monitored using 1 H and 31 P{ 1 H} NMR spectroscopy. Solutions (C 6 D 6 ) of the intermediates were generated and held at 21.6°C for three half-lives, while NMR spectra were systematically collected. Comparison of the integral values for the intermediate complex and aryl phosphonate relative to an unreactive internal standard revealed the concentration of the intermediate and product. The reported kinetic data in the following tables represent the average of two independent experiments.
To provide a baseline for the elimination reactions, initial studies focused on the aryl palladium phosphonate complex containing the electron neutral -C 6 H 5 group and dppe as the diphosphine. The results of the initial screening are summarized in Table 6 . Generally, a dry NMR tube was charged with the arylpalladium phosphonate precursor, 2 equiv of dppe, (methoxymethyl)diphenylphosphine oxide (internal standard for both 1 H and 31 P NMR), and dry C 6 D 6 . NMR spectra were collected within minutes and revealed complete displacement of the bu 2 bipy ligand and quantitative generation of the dppePdPh-(P(O)(OEt) 2 as well as a small amount of arylphosphonate. Analysis of the integral data over three half-lives generated a linear first-order plot with t 1/2 ) 342 min. The t 1/2 values for these elimination reactions were used to investigate the effect of different additives. At the end of the reaction, the only signals in the 1 H and 31 P NMR spectrum were due to (dppe) 2 Pd(0), PhP(O)(OEt) 2 , free bu 2 bipy, and the internal standard. Comparison of the integral values for the starting complex and arylphosphonate revealed a greater than 95% conversion into Ph(P(O)(OEt) 2 ). Analysis of the reaction mixture by GC and GCMS confirmed the lack of secondary products. Since the elimination was typically carried out in the presence of added diphosphine or PPh 3 in order to trap the palladium(0) product formed in the reaction, elimination reactions were carried out using 5 and 10 equiv of diphosphine. Addition of excess diphosphine had a negligible effect on the rate of the elimination, suggesting the free phosphine simply traps the generated Pd(0). The reaction is also insensitive to 5 or 10 equiv of bu 2 bipy. Ruling out involvement of the former in the rate of the reductive elimination reaction was critical since many of the arylpalladium phosphonate complexes eliminated rapidly upon formation and were generated in situ from the combination of 1-7 and diphosphine. Doubling the concentration of the arylpalladium phosphonate had no effect on the rate of the elimination process.
Since palladium-catalyzed arylphosphonate-forming reactions often employ hygroscopic hydrogen phosphonates, the effect of water on the reductive elimination was investigated. The addition of 1 equiv of water resulted in a negligible change in the rate of the elimination reaction. Notably, the complex was quite stable to the water, and >95% conversion into Ph-P(O)(OEt) 2 was still observed. No hydrolysis products were observed in this reaction. Analysis of the 1 H NMR spectrum of the reaction mixture revealed the water peak at 2.45 ppm. This is significantly shifted from where water in pure C 6 D 6 appears (0.5 ppm). The change in the chemical shift of the water is presumably due to hydrogen bonding between the water and the phosphoryl oxygen of dppePdPh(P(O)(OEt) 2 ). Consistent with this observation is the presence of 1 equiv of water per Pd complex in virtually all of the crystallized compounds. In all of the crystalline samples, the water is hydrogen bonded to the phosphoryl oxygen. It should be pointed out that although the compounds are isolated as anhydrous materials, they are quite hygroscopic and will absorb water upon exposure to the atmosphere. To further probe the tolerance/ intolerance of the system to the presence of water, analogous reactions were carried out in the presence of 10 equiv of water. Curiously, instead of accelerating the elimination reaction, the t 1/2 for the complex was significantly increased. Similar to the reactions using 1 equiv of water, the compound was stable to the added water and the product distribution remained the same (>95% conversion into PhP(O)(OEt) 2 ). It is noteworthy to point out that free palladium was not observed in any of these transformations. Thus, while the reductive elimination was tolerant of small amounts of water, increasing the level of water contamination lead to decreased reaction rates, but no change in product distributions.
To probe the electronic effects of adding donating and withdrawing groups to the metal-bound aryl fragments on the rate of phosphorus carbon bond formation, elimination from discrete species of the type diphosphinePd(C 6 H 4 R)(P(O)(OEt) 2 (R ) OMe, Me, CN, NO 2 ) was investigated. The results of this investigation are presented in Table 7 . Using this data, several observations and conclusions can be made about the elimination process. First, electron-poor aryl groups exhibited slower rates of reductive elimination relative to electron-rich aryl groups. Using the dppePdPh(P(O)(OEt) 2 ) as a baseline, incorporating a 4-CN group cuts the rate of reductive elimination in half, while adding an electron-donating 4-OMe group significantly increases the rate. These observations are consistent with a mechanism involving intramolecular attack of the ipso carbon from the metal-bound aryl fragment on the phosphorus center to generate the new phosphorus carbon bond. The presence of electrondonating groups would accelerate this process, while electronwithdrawing groups would slow the bond-forming reaction. While this is an attractive explanation, our kinetic model cannot rule out the possibility of a concerted reductive elimination.
Changing the supporting ligand from dppe to other diphosphine ligands dramatically affected the rate of the phosphoruscarbon bond forming reaction. Using dppp as the ancillary ligand resulted in significant increases in the rates of all the elimination reactions. The complexes dpppPd(4-C 6 H 5 R)P(O)(OEt) 2 (R ) Me, OMe) eliminated so rapidly at room temperature that an accurate determination of the rates was not possible. Comparing the two diphosphines revealed that elimination from the dppp derivatives was always faster than the dppe analogues. The observed increase in the rate of the reductive elimination reaction upon increasing the bite angle of the diphosphine is consistent with other bond-forming reactions. Changing the diphosphine to dpephos (bite angle ) 105°) resulted in rapid reductive elimination for all cases. The large bite angle of dpephos could promote the reductive elimination reaction from a fourcoordinate species, or dissociation of one end of the diphosphine could generate a three-coordinate intermediate that undergoes rapid reductive elimination. It should be pointed out that our kinetic model cannot distinguish between dissociation of one end of the diphosphine to generate a three-coordinate intermediate that rapidly undergoes reductive elimination followed by rapid addition of the dangling phosphine and simple elimination from a four-coordinate complex.
The electronic effect observed in these metal phosphonate systemsstandsincontrasttovirtuallyallothercarbon-heteroelement 
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Organometallics, Vol. 28, No. 4, 2009 1197 bond forming reactions that have been reported from Pd(II). 40, 46 Elegant work by Hartwig and others has shown that reductive elimination from arylpalladium alkoxides, 47,48 sulfides, 49 and amides 50 containing Pd(II) complexes was accelerated by the presence of electron-withdrawing groups on the metal-bound aryl fragment. Although the obvious difference between the phosphonate systems presented in this work and the elimination studies involving -OR, -NR 2 , and -PR 2 is the absence of the lone pair on the heteroatom, recent studies have suggested that the electronic effects observed in carbon-heteroelement bond forming reactions are the result of perturbations of the σ-network and that π-contributions are minimal. 40 It should also be noted that the rate of reductive elimination of an arylphosphine from a diphosphine-ligated palladium phosphide was accelerated upon incorporation of an electron-withdrawing group (-NO 2 ) into the metal-bound aryl group. 12e The Hammett analysis of the rates of elimination relative to the complex containing the electron-neutral phenyl group is shown in Figure 2 . A nearly linear relationship between σ p and the rate of elimination was obtained (F Ι ) -2.7; R 2 ) 0.99). Comparisons between these F Ι values and other carbon-heteroelement bond forming reactions would be of interest; however, the inductive σ parameter provided poor correlations for elimination of aryl sulfides and aryl amines. 40,46,50 Linear correlations were observed using a parameter that accounted for the resonance effects of the substituents (σ R ). The F Ι value for carbon-carbon bond forming reactions from Pd(II) would also be a useful comparison for this chemistry; however, the formation of biaryls from palladium(II) is often too rapid for accurate measurement. The formation of biaryls by reductive elimination from diarylplatinum complexes of the type (DPPF)Pt(C 6 H 4 R) 2 and (DPPF)-Pt(C 6 H 4 CF 3 )(C 6 H 4 R) has been studied, and F I values of -0.9 and -1.5 have been determined. 51 The steric effect of the metal-bound aryl group was investigated by adding one or two methyl groups to the ortho positions of the metal-bound aryl fragment. Adding a single methyl group resulted in an elimination rate that was roughly equivalent to having a phenyl group attached to the metal. However, incorporating two methyl groups drastically reduced the rate of the reaction. This is consistent with π-type coordination of the eliminated arylphosphonate species to the palladium complex. 49 Only having one group does not strongly inhibit this coordination; however, two ortho substituents significantly affects the coordination and slows the reaction. The sluggish rate could also be due to the bulky groups hindering close approach of phosphorus and carbon.
A comparison of the electronic and steric properties of the metal-bound aryl group revealed that changing the identity of the diphosphine reversed the importance of these properties. Comparing the rates of elimination for dppePdR(P(O)(OEt) 2 ) complexes bearing 2,6-C 6 H 3 Me 2 group and a 4-C 6 H 4 CN group revealed that the electronic component is more important for the rate of elimination in these species, and slower rates of elimination were observed for the sterically hindered species. Curiously, increasing the chain length of the diphosphine ligand reverses this observation. For example, the steric component overpowers the electronic and the rate of elimination for dpppPd(4-C 6 H 4 CN)(P(O)(OEt) 2 ) is faster than from dpppPd(2,6-C 6 H 3 Me 2 )(P(O)(OEt) 2 ). 
Computational Investigation of the Reductive Elimination Reaction.
A Hammett analysis utilizing density functional theory was carried out using the substituents and associated kinetic data listed in Table 8 (gas phase simulations) and Table  9 (simulations in benzene solvent) and plotted in Figures 3 and  4 . For this computational analysis, a reductive elimination mechanism was assumed for the P-C bond forming reaction. Both the gas phase and solvated (benzene) values produce a negative F I of moderate magnitude (-2.0 (gas phase) or -2.4 (benzene)). Electron-withdrawing groups in the para position retard the reaction, so it is assumed that the Pd-C(ipso) bond donates electrons to the Pd center in the reductive elimination. These DFT results, which are consistent in both magnitude and direction with the experimental Hammett analysis (Vide supra), support the contention that the mechanism of P-C bond formation is a reductive elimination for which electron-releasing substituents accelerate the process. Furthermore, the small difference between the benzene and gas phase calculated F I argues against mechanisms in which there is significant charge buildup in the transition state.
Summary
A series of arylpalladium phosphonate complexes have been prepared, characterized, and studied as key intermediates in palladium-catalyzed coupling reactions. All of the palladium complexes eliminated the arylphosphonate species in high yields under mild conditions. In contrast to virtually all other carbon-heteroatom bond forming reactions from palladium(II), the presence of electron-withdrawing groups on the metal-bound aryl group induced slower rates of reductive elimination. The Hammett analysis revealed a linear dependence on sigma with a F Ι ) -2.7. A computational study corroborated this experimental investigation and also found a linear dependence on σ p with F ) -2.4 for the solvated (benzene) model system.
Experimental Section
General Considerations. Diethyl ether, dichloromethane, and hexane were dried using a Grubbs-style solvent purification system. C 6 D 6 and tol-d 8 were dried over molecular sieves. The diphosphine ligands, (methoxymethyl)diphenylphosphine oxide, and bu 2 bipy were obtained from Aldrich and used as received. The bu 2 bipyPd-(Ar)(P(O)(OEt) 2 ) precursors were prepared following literature procedures. 11a All yields are based upon isolated material unless specified. 1 H and 13 C chemical shifts were determined by reference to residual protonated solvent resonances or Me 4 Si. All coupling constants are given in hertz. 31 P{ 1 H} NMR spectra were referenced to external H 3 PO 4 (0 ppm). Integratable 31 P{ 1 H} NMR spectra were recorded using an inverse-gated decoupling sequence (decoupling only during acquisition) using a 30 s recycle delay. Arylphosphonates were identified by comparison of the spectroscopic data to authentic samples or literature values. 2,11a,52,53 Preparation of bu 2 bipyPd(Me)(P(O)(OEt) 2 ). A 100 mL roundbottom flask was charged with bu 2 bipyPdMeCl (0.100 g, 0.235 mmol), Ag[P(O)(OEt) 2 ] (0.058 g, 0.236 mmol), and a magnetic stirring bar. The flask was capped, evacuated, and filled with nitrogen. Dichloromethane (50 mL) was added by syringe, and the reaction mixture was stirred for 2 h in the dark. The reaction mixture was passed through a short plug of Celite followed by removal of the volatiles to afford the title compound (0.11 g, 88.7%) as a white solid. Anal. Calcd for C 23 H 37 N 2 O 3 PPd: C, 52.42; H, 7.08. Found: C, 52.34; H, 7.01. 1 
